Abstract Climate change and other future developments can influence the availability of groundwater resources for drinking water. The uncertainty of the projected impact is a challenge given the urgency to decide on adaptation measures to secure the drinking water supply. Improved understanding on how climate change affects the groundwater system is necessary to develop adaptation strategies. AZURE is used, a detailed, well-calibrated hydrological model to study the projected impact of climate change scenarios on the large Veluwe aquifer in the Netherlands. The Veluwe area is an important source of drinking water. However, some existing groundwater extractions in the area affect nearby groundwaterdependent ecosystems. Redistribution of the licensed extraction volumes of these sites is considered to reduce the impact on these ecosystems. The projected impact of climate change and redistribution to groundwater levels is studied. The research shows that in a slowly responding large aquifer the projected climate change may cause rising groundwater levels despite the projected increase in summer dryness. The results indicate that this impact may exceed the impact of redistribution of extraction volumes. In addition, it is shown that the combined effect strongly depends on local conditions, thus highlighting the need for highresolution modelling.
Introduction
Groundwater resources are often the preferred source for drinking water supply. Groundwater is considered less vulnerable to pollution than surface water and groundwater quality is usually very stable (Broers and Lijzen 2014) . However, groundwater extractions can have an impact on groundwater levels, potentially affecting other water use, such as by agriculture and groundwater-dependent ecosystems. In areas where groundwater systems are likely to be affected by climate change, sustainable groundwater management is challenging and complex and tools to support decisions on improving the long-term sustainability of a groundwater extraction could be of help (Carmona et al. 2013) .
Many climate change studies on water resources ignored groundwater and focused on surface water (Gleeson et al. 2012b) . Recent studies, however, have shown that groundwater resources are potentially vulnerable to climate change too (Gleeson et al. 2012a; Gleeson et al. 2010 ; Van der Knaap et al. 2014; De Graaf et al. 2017) . Climate change may cause a deterioration of valuable groundwater-dependent ecosystems through desiccation, but can also influence groundwater extractions, e.g. for drinking water supply. Improved understanding on how climate change affects the hydrological system, including groundwater, is necessary to develop adaptation strategies.
Due to the complexity of groundwater systems and limited data availability it is difficult to assess the impact of climate change on groundwater systems. In this research a detailed, well-calibrated (geo)hydrological model is used to study the projected impact of climate change scenarios on a large aquifer in the Netherlands, which can help understand the impact of climate change to similar hydrological systems under similar climatological conditions.
In the Netherlands the projected climate change can be broadly characterized as an increase in precipitation in winter and an increase in summer drought due to higher temperatures and a change in summer precipitation patterns (Van den Hurk et al. 2014 ). This trend is already visible in the meteorological data (Daniëls 2016) . In the Netherlands the increase of precipitation surplus in winter will partially discharge through the surface water system and therefore only partially recharge the groundwater system. In summer the projected temperature rise and change in precipitation pattern may cause an increase in evapotranspiration and a decrease in phreatic groundwater levels. Climate change in the Netherlands is therefore expected to cause stronger desiccation of groundwater-dependent ecosystems. Currently many Dutch ecosystems experience desiccation from decreasing summer groundwater levels (Runhaar et al. 1996) , so there is concern that climate change will cause a further deterioration of valuable groundwaterdependent ecosystems (Witte et al. 2012 .
Climate change and other future developments, such as land use change and population growth, can influence not only the availability of groundwater resources for drinking water, but also the drinking water demand (Kumar et al. 2016b ). The uncertainty of the impact interferes with the urgency to decide on adaptation measures concerning drinking water supply. In addition, adequate adaptation of drinking water systems to these kinds of long-term developments is complicated and involves not only technical, but also social, political and economic aspects (Kloosterman 2015; Staben et al. 2015; Zwolsman et al. 2014) . Therefore, it is important to assess the effect of adaptation measures, also regarding climate change, before these measures are implemented.
The Veluwe area is a slightly elevated area in the central part of the Netherlands (Fig. 1) . The groundwater in the Veluwe area is an important source of drinking water for the country. However, some drinking water extractions have negative impacts on groundwater-dependent ecosystems. To reduce impacts, partial redistribution of extraction volumes between existing extraction sites within the Veluwe area is considered. Evaluating the effect of such a redistribution on groundwater levels in the hydrological system of the Veluwe area by using a state-ofthe-art groundwater model combined with climate change scenarios will help to inform decisions on the suitability and effectiveness of the considered measure. For the Veluwe area the AZURE model is available, which has already been calibrated and validated by De Lange and Borren 2014). The availability of this model offers a unique opportunity for a detailed study of the impacts of different climate change scenarios and adaptation measures. To the best of our knowledge this is one of the first studies that uses a detailed geohydrological model to compare the projected impact of climate change and adaptation measures on drinking water extraction.
The goal of this study is to assess the projected impact of climate change on the hydrology of the Veluwe area and to compare this to the impact of redistribution of existing drinking water extraction volumes in the Veluwe area by using a state-of-the-art hydrological model.
The Veluwe Area
The Veluwe area is part of a moraine complex dating back to the Saalien glacial period in the Pleistocene (Rutten 1960; Gehrels 1999) . The hydrological system can be seen as a large sandy aquifer of up to 200 m depth, with a thick unsaturated zone reaching up to a maximum depth of 60 m. The elevated part of the system forms a large infiltration area that recharges the aquifer.
The groundwater system of the Veluwe is a slow-responding system (Gehrels 1999; Kumar et al. 2016a ) because in this area there is only a limited surface water system and the groundwater levels are deep below the soil surface. Groundwater level fluctuations in this area are characterized by low frequency fluctuations with a large amplitude (Fig. 1, lower  inset) . Around the edges of the elevated ridge the groundwater level is much shallower. Here seepage zones developed and groundwater level fluctuations are higher in frequency and have a smaller amplitude (Fig. 1, upper inset) . The groundwater levels are not continuous due to the presence of tilted clay layers, causing a discontinuous pattern that obstructs groundwater flow (Gehrels 1999; Verhagen et al. 2014) , especially along the steep eastern and southern edges. Although detecting tilted clay layers is difficult, some of them can be located where significant jumps in hydraulic heads are measured on both sides of a tilted clay layer (Person et al. 2007; Van Engelenburg et al. 2012) . However, modelling the hydrology of these edges is complicated (Van Engelenburg et al. 2012) .
The central part of the Veluwe is rich in nature like woodland, heath and sand drifts. Due to the hydrogeological structure of the system most of these ecosystems are rainwater-dependent (Yousefpour et al. 2015) . In contrast to this, the ecosystems at the edges of the area are groundwater-dependent.
The presence of shallow groundwater and seepage zones along the edges of the Veluwe caused the historical development of a man-made drainage system of brooks and springs which was traditionally used for economic exploitation by watermills (Menke and Meijer 2007) . These brooks and springs are mainly dependent on groundwater levels. In the Veluwe area groundwater was extracted for urban drinking water supply systems, starting from the early twentieth century. The first extractions were located at the edges of the area, where the groundwater was easily reached. Currently drinking water is extracted from groundwater originating from the Veluwe area at 21 sites (Fig. 1) . Verhagen et al. (2014) estimated that on a yearly basis 90 × 10 6 m 3 of groundwater is extracted from the Veluwe system for drinking water, nearly 8% of the average annual precipitation on the area. In comparison, the average annual reference evaporation during the period 1981-2010 is roughly 65% of the average annual precipitation (Fig. 2) . Compared to the annual recharge of the Veluwe groundwater system the impact of the drinking water extraction to the system as a whole is still relatively small. However, locally the impact can be considerable, because most of the drinking water extractions are located near the edges of the Veluwe, sometimes near valuable groundwater-dependent ecosystems or historical brooks and springs.
Most of the drinking water extraction sites, however, do not affect valuable groundwaterdependent ecosystems or measures have already been taken to compensate for the effect. There are three drinking water extraction sites (Amersfoortseweg (AM), Ellecom (EL) and La Cabine (LC)) where compensation is still considered, which were included in this research project because of their relation to a nearby groundwater-dependent ecosystem (Fig. 1) . A fourth extraction site, Hoenderloo (HO), was selected because expansion of the extraction volume at this site will probably not affect groundwater-dependent ecosystems. HO is located near the central part of the Veluwe, where the ecosystems depend on rainwater.
AM affects nearby groundwater-dependent artificial spring systems. To compensate for the impact of AM on these springs locally extracted groundwater is supplemented to some of the springs, except the 'Nieuwe Sprengen' system (NS).
The Faissantenbos (FB) near EL is a groundwater-dependent woodland ecosystem, which needs calcareous seepage water. The impact of groundwater extraction at EL amplifies the impact of the agricultural drainage, which caused a decrease of seepage flows towards the ecosystem (Skaggs et al. 1994) .
The Renkum Brooks system (RB) that is related to LC consists of man-made brooks. Due to decreasing groundwater levels and deterioration of the brooks the current discharge of the system is now considered too small to meet the ecological goals.
Method

Model
To estimate the hydrological impact of climate change and the selected adaptation measures the existing AZURE-model (De Lange and Borren 2014; Hekman et al. 2014 ) was used. AZURE uses MODFLOW for saturated groundwater flow (Harbaugh et al. 2000) and MetaSWAP for the unsaturated groundwater zone (Van Walsum and Groenendijk 2008; Van Walsum and Veldhuizen 2011) . The input variables in AZURE are designed to be used at a minimal resolution of 25 m, but the model can be run at a coarser spatial resolution. It can be used for both transient and steady-state calculations. In AZURE the most recent information regarding the geology of the Veluwe area is used (De Lange and Borren 2014) and the model has been calibrated using the available time series of data on precipitation, temperature and groundwater levels. In general the results of the AZURE model compare well to the observed groundwater levels. (De Lange and Borren 2014 and De Lange et al. 2014) .
Comparing the results to the observed values, on average the median (p50) of the modelled 1995-2005 groundwater level time-series is slightly lower than observed, especially in the elevated areas. Approximately 20% of the modelled groundwater levels are 0.5 m lower than the observed levels, again mainly in the elevated areas. Less than 10% is 0.5 m higher than the observed values, spread out over the whole model area. A detailed description of AZURE is available in the full report of De Lange and Borren (2014) and to the National Hydrological modelling Instrument NHI (http://www.nhi.nu), which is a Dutch framework of hydrological models including AZURE (Delsman et al. 2008; De Lange et al. 2014 ).
Climate Scenarios in the Netherlands
The Royal Netherlands Meteorological Institute (KNMI) constructed climate scenarios for the Netherlands based on global and regional climate models (Lenderink et al. 2007 ; Van den Hurk et al. 2007 ). In 2014 the KNMI scenarios for 2050 and 2085 were updated (Van den Hurk et al. 2014) . Both global temperature rise and air circulation change were taken into account as steering parameters and used to create four scenarios. The recent update of the scenarios considered the CMIP5 climate model simulations (Taylor et al. 2012 ; http://ipcc. ch/report/ar5/) and used additional simulations using KNMI climate models EC-Earth and RACMO2 ( Van den Hurk et al. 2014) . KNMI distinguishes two important trends: temperature rise (G = moderate or W = warm) and change in air circulation (L = low or H = high), and combines these trends into four climate scenarios (Fig. 2) .
The projected general trend is an increase in both precipitation and evaporation compared to the current climate (Fig. 2) . Accordingly discharge through surface water and recharge of the groundwater are projected to increase during winter. The period with negative recharge will increase and become more negative, which will cause a decrease in groundwater level.
Research Methodology
Three redistribution scenarios were constructed in which existing groundwater extraction volumes are redistributed within the Veluwe area. The impact is assessed by the change in groundwater recharge and groundwater levels in the Veluwe area and for the groundwaterdependent ecosystems nearby the studied extraction sites.
First, the study area was modelled in a transient manner using current climate variables and the Dutch KNMI'14 climate scenarios as meteorological forcing for AZURE. The used spatial resolution was 250 m. From the results steady-state mean groundwater recharges were derived, representative for the current climate and each of the four climate scenarios. Subsequently, the derived groundwater recharges and the modelled current recharge were used in steady-state calculations for the redistribution scenarios. Since the Veluwe has a thick unsaturated zone, a long spin-up period for the model is required to stabilize the unsaturated zone. Therefore the first 10 years were not included in the calculations of the steady-state recharge. Groundwater recharges of transient calculations were used in the steady-state calculations for the redistribution scenarios. The reference precipitation and evaporation were calculated using the mean values over the period 1991-2010. The datasets of the 2050 KNMI climate scenarios were used.
The reference situation and three scenarios were defined, based on the current situation in the Veluwe area (Table 1 ). The extraction sites AM, LC and EL are existing drinking water stations with a licensed extraction volume, where the possible impact on resp. NS, RB and FB is under discussion. To be able to deliver sufficient drinking water in the area, the drinking water company needs to consider redistributing the extracted volumes within the Veluwe area, without changing the total extraction volume. Therefore expansion of HO is considered. Not all theoretically possible scenarios were considered. The scenarios were selected because they are possible without fully relocating drinking water extraction sites. The scenarios would, however, require a redistribution of licences and an enlargement of HO.
The expected impact of the proposed measures was an increase of groundwater levels in the groundwater-dependent ecosystems and thus improvement of the abiotic conditions in these areas, allowing to restore desiccated ecological values.
To limit the number of calculations of the redistribution scenarios, it was chosen to use the current climate and the GH scenario for 2050 (GH2050). Compared to the other scenarios GH2050 represents the most challenging climate scenario regarding the groundwaterdependent ecosystems (Figs. 2, 3) . The impact of the scenarios on recharge and groundwater levels was studied for the model domain, the Veluwe area and the groundwater-dependent ecosystems NS, FB and RB. 
Climate Change Scenarios
The current annual total groundwater recharge is~340 mm in the Veluwe area (Fig. 3) . The reference recharge is projected to increase by 20 to 40 mm due to the KNMI'14 climate change scenarios (Fig. 3) . Model calculations confirm that in the Veluwe area the projected climate change will possibly contribute to an increase in the groundwater levels up to 2 m or more (Fig. 4a) . A small area west of the Veluwe area shows a comparable impact, albeit to a lesser extent. This area is called the Utrechtse Heuvelrug and has hydrological characteristics similar to those of the Veluwe. In contrast to the Veluwe area, the adjacent areas do have a surface water system on top of the groundwater system. In these areas vegetation is usually groundwater-dependent, because the groundwater level is close to the vegetation root zone. Results do not show a change in average groundwater levels in these areas, but do show a substantial impact to the average lowest groundwater levels ( Fig. 4b ; yellow and orange areas).
Vulnerable groundwater-dependent vegetation can disappear when the groundwater level falls below a certain level, even if only for a short time period. Therefore, the change in lowest groundwater level provides an indication of the potential risk of desiccation of groundwaterdependent ecosystems. Under GH 2050 the average lowest groundwater level in the Veluwe area and the Utrechtse Heuvelrug is projected to increase (Fig. 4b) . In the groundwater system of the Veluwe the increase in winter precipitation will cause an increase in groundwater recharge. An increase in summer evaporation will only have a limited impact on the groundwater level, because the vegetation is rainwater dependent; the root zone of the vegetation is not related to the groundwater level, which is between 5 and 50 m or more below the soil surface. This explains that under climate change the groundwater level in the Veluwe area and the Utrechtse Heuvelrug area is projected to increase. Although under GH2050 the average groundwater level in the adjacent areas does not change, the lowest groundwater levels are projected to drop by 5-15 cm (Fig. 4b) . This can be explained by two major hydrological differences compared to the Veluwe area. First, the surface water system discharges most of the additional winter precipitation, which limits the groundwater recharge in the area. Second, the groundwater level is close to the soil surface and vegetation is groundwater dependent. The increasing temperature caused by climate change will increase plant transpiration and thus will cause a decrease in groundwater levels in summer, possibly causing desiccation of vegetation (Runhaar et al. 1996; Runhaar et al. 1997) . In contrast, the calculated lowest groundwater levels of NS, RB and FB show a projected increase under GH2050 (Table 1) .
Redistribution Scenarios
The results of the steady state model runs show that redistribution of extraction volumes will affect the groundwater levels (Table 1, Fig. 5 ). In all redistribution scenarios the licensed extraction at AM is reduced by 1.5 million m 3 per year compared to the reference situation. This is projected to cause a 0.4 m increase in groundwater levels. The shape of this area is caused by the resistance of the tilted clay layers, which force the groundwater to flow parallel to them. The size of the affected area decreases with an increase in the extraction volume at HO. At HO the expansion of the extraction volume is estimated to cause a decline in groundwater level between 0.5 m (scenario 1) and 2 m (scenario 3).
Reduction of EL causes an increase in the groundwater level at FB between 0.05 (scenario 2) and 0.15 m (scenario 3). As the area surrounding FB has a surface water system that drains the area, the surface water discharge is likely to increase when the groundwater extraction is reduced. Therefore the groundwater is only partially recharged and the increase in groundwater level remains limited.
The results imply that a reduction of LC will have no (scenario 2) or only a limited (scenario 3) impact (max. 0.15 m) to RB. This relatively small impact is caused by the distance between LC and RB and the complex hydrogeology of the area -a complicated tangle of tilted clay layers.
Combined Scenarios
The redistribution scenarios in combination with the climate change scenario GH2050 show an overall increase in the groundwater levels in the Veluwe area (Table 1, Fig. 5d ). Simulation results, however, do indicate that the impact of climate change differs for each of the studied ecosystems compared to the projected impact of the redistribution scenarios. The impact of reduction of AM is twice the impact of climate change on the groundwater level at NS, whereas the impact of reduction of EL on FB is only half the impact of climate change. The effect of the reduction of LC is approximately one third of the effect of climate change on the groundwater level in RB. The projected impact of climate change on the groundwater levels compensates more than fully for the decrease in groundwater level as caused by the largest expansion of HO.
Discussion
The results of this study project a substantial increase of the average groundwater level in the Veluwe area under Dutch climate change scenarios, caused by the slowly responding groundwater system. Even the ecologically more relevant average lowest groundwater level is projected to increase due to climate change.
In contrast, the average lowest groundwater level in the adjacent areas, with a combined surface water and groundwater system, is projected to decline because of the fast response of the system: excess precipitation in winter immediately discharges from the area by the surface water system and therefore causes only limited recharge of the groundwater system. In addition, the groundwater-dependent vegetation will cause an increase in evapotranspiration in summer, resulting in a significant decrease in groundwater levels.
Projected impacts of redistribution of groundwater extraction volumes differs depending on the hydrological relationship between the extraction site and the related ecosystem. The projected hydrological impact of partial reduction of the extractions LC and EL to the ecosystems of RB and FB is expected to be limited, especially compared to the impact of climate change. Partial redistribution of AM, however, is expected to clearly have an impact on NS.
Climate Change Scenarios
The projected general trend in climate change in the Netherlands is an increase in precipitation and evaporation compared to the current climate. Already over the last century precipitation has increased in the Netherlands, especially since 1980 (Buishand et al. 2013 ). The increase is probably caused by higher sea surface temperatures and changes in circulation, but could also be influenced by land use change and urbanization (Daniëls 2016) . Global climate models especially indicate an increase in winter precipitation in the Netherlands related to the global mean temperature change; the projected change in mean summer precipitation is less conclusive (Lenderink et al. 2007) . The model results indicate that the increases in winter precipitation are the main cause of the increased groundwater levels in the Veluwe area. As discussed above, most of the recent research on climate change in the Netherlands points in the same direction, i.e. an increase of winter precipitation. Therefore an increase in groundwater levels in the Veluwe area as a result of climate change is likely.
Model
Due to the complexity of groundwater systems and limited data availability it is often difficult to assess the impacts of climate change on groundwater systems. However, for this study it was possible to use AZURE, an existing, detailed hydrological model, already calibrated using extensive observational data. Because of the use of these detailed historical data, the model is expected to remain reliable in terms of near-future projections (De Lange and Borren 2014) . On the other hand, the Veluwe area is considered a complex hydrological system, with steep hydraulic gradients, tilted clay layers and a thick unsaturated zone. Refinement of the model might improve the results, but is hard to accomplish (Verhagen et al. 2014; Wegehenkel 2009 ). The results of the model approximate the measured groundwater levels relatively well (De Lange and Borren 2014) , although on average the simulated groundwater levels in the elevated areas are too low compared to the observed values, partially caused by the limited accuracy regarding the tilted clay layers. Nevertheless, the results of the model calculations are supported by expert knowledge of the hydrological characteristics of the system (De Lange and Borren 2014; Van Engelenburg et al. 2012) . Taking these uncertainties into account, it is still reasonable to assume that groundwater levels in the Veluwe area will increase as a result of climate change.
The groundwater level was used as indicator of the impact on related groundwater-dependent ecosystems, because of the uncertainties associated with direct and indirect effects caused by climate change. Climate change can potentially change the vegetation in response to increasing temperatures and shifts in precipitation (Kruijt et al. 2008) . To which extent the vegetation will change also depends on soil moisture-climate interactions (Seneviratne et al. 2010) . The projected increase of groundwater levels will influence the soil-water balance and could potentially change the vegetation. In case of increased rooting depth and/or a vegetation with higher transpiration rates, this could potentially result in lower groundwater levels. Due to this complexity of interactions of changes in temperature, precipitation and groundwater level, the dynamics of vegetation as a result of redistribution of groundwater extractions is hard to predict and thus hard to model.
Besides that, large parts of the Veluwe are considered to be dry areas, covered with vegetation that does not depend on groundwater. The vegetation in these areas is unlikely to be affected by a decrease in groundwater level, although the vegetation in this dry centre area is likely to change due to increasing temperature and shifts in precipitation. For these reasons the groundwater level changes are considered to be a strong indicator for the impact of climate change and partial redistribution of extractions on the Veluwe area.
Redistribution
Relocation of a drinking water extraction plant requires a large societal investment in the drinking water supply system and can take up to 10 years of preparation before becoming operational. Redistribution of drinking water extraction volumes between existing sites is a less far-reaching measure, although this also requires considerable changes in the drinking water supply system. This study focusses on redistribution between existing sites.
It is necessary to determine the necessity and impact before deciding on relocation or redistribution, and future developments such as climate change need to be taken into account. Based on the results of this study it can be concluded that at one location (AM) redistribution will have a strong positive impact on the related groundwater-dependent ecosystem (NS). Redistribution of LC and EL seems less urgent, because the impact of climate change largely exceeds the effect of a partial redistribution of the extraction volumes.
Recently, scenarios have been developed regarding future drinking water demand (Van der Aa et al. 2015) . These scenarios were not taken into account, because the aim of this study was to assess the impact of redistribution with regard to the hydrological characteristics of the area within the currently licensed amount of groundwater within the Veluwe area.
Conclusion
The goal of this study was to assess the projected hydrological impact of climate change in the Veluwe area around the middle of the twenty-first century and to compare this to the impact of redistribution of existing drinking water extraction volumes in the Veluwe area by using a state-of-the-art hydrological model.
Therefore detailed climate change scenarios were combined with a detailed hydrological model. The results show that the hydrological characteristics of an area determine the impact of climate change: increasing groundwater levels in a slowly responding large aquifer without surface water system, as opposed to decreasing groundwater levels in fast responding combined groundwater-surface water systems. The results emphasize the importance of a thorough understanding of the hydrological system, which will help to avoid or refute incorrect assumptions on the supposed impacts. This is a valuable contribution to the scientific knowledge on the impact of climate change to groundwater resources.
After comparing the impact of climate change to the effect of redistribution of drinking water extractions, it can be concluded that for one of the extraction sites redistribution would have a strong positive impact even compared to the projected climate change impact. For the two other extraction sites redistribution seems less urgent because the projected impact of climate change is stronger than the impact of redistribution.
However, not only hydrological facts and figures determine this necessity. Also stakeholder opinions need to be taken into account (Van den Brink et al. 2008) . A decision support method that combines the outcome of a hydrological study with the stakeholders' viewpoints could help to decide on adaptation measures. The results of this research will be used in a study on decision support regarding drinking water extraction sites for drinking water companies.
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